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Abstract 
The kinetics of the selective oxidation of ethylene 
with air over a metallic silver catalyst were studied 
using a differenti~l reactor. The kinetic runs were con-
ducted at 278°C and a total pressure of 100 psig. 
The rate-controlling step of the reaction was found 
to be the surface reaction, independent of adsorption and 
desorption rates. The effects of the reactants partial 
pressure on the rates were studied. Kinetic rate 
expressions were developed from a Langmuir-Hinshelwood 
type of mechanism according to which oxygen is dissoci-
at_i.vely chemisorbed on the catalyst surface to form 
active catalytic sites. Ethylene and oxygen are adsorbed 
on the oxygen-covered silver surface and react to form 
either ethylene oxide or carbon dioxide and water. The 
partial oxidation reaction is assumed to proceed via an 
adsorbed molecular oxygen species while the complete 
oxidation reaction is assumed to proceed via an adsorbed 
atomic oxygen species. 
The correspondence between previously reported 
adsorption characteristics of the reactants and products 
on metallic silver and the adsorption behavior of the 
same species on the catalyst surface, as deduced from 
-1-
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thfs study, was found to be very poor. But, the adsorp-
tion behavior of the reactants and products is very 
similar to adsorption behavior observed on silver oxide 
surfaces. 
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CHAPTER ONE: INTRODUCTION 
Ethylene oxide is one of the most important indus-
~rial derivatives of ethylene, owing its importance to 
its role as a chemical intermediate. The most important 
derivative of ethylene oxide is ethylene glycol which 
accounts for over 70% of the ethylene oxide produced. (1) 
Acrylonitrile, ethynolamine, glycol ethers and polyglycols 
are among other important ethylene oxide derivatives. 
The demand for ethylene oxide is very high and it is 
still growing at a rate of 7% annually. Union Carbide 
announced earlier this year its plans to build another 
500 million pounds-per-year plant and ICI Americas is 
studying plans for a unit with a capacity of more than 
500 million pounds annually. In the next five years 
some 2.2 billion pounds of capacity will be added to the 
five billion pounds presently existing. (2) 
The initial industrial production of ethylene oxide 
was based on the chlorohydrin process. In 1931 the 
direct oxidation of ethylene to produce ethylene oxide 
was reported by Lehner (3) in the United States and by 
Lefort (4) in France. Union Carbide was the first to 
build a plant employing the direct oxidation, using air, 
-3-
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in 1938, followed by Shell in 1958 with its own oxygen 
based process. New capacity is entirely based on direct 
oxidation rather than the chlorohydrin process. 
Silver is the only known catalyst which promotes the 
reaction of ethylene with oxygen in a way that yields 
appreciable amounts of ethylene oxide in addition to 
carbon dioxide and water. Although an extensive investi-
gation of this system has been done since 1931, the 
kinetics of the ethylene oxidation are still hampered 
with uncertainties mainly because of the difficulties, 
inherent in the system. Some of these difficulties 
include the fact that the two parallel reactions, to 
ethylene oxide and to carbon dioxide and water, proceed-
ing concurrently, make the interpretation of experi-
mental data difficult; the activity of the catalyst is a 
function of the catalyst pretreatment; the catalyst is 
sensitive to traces of sulfur, chlorine and some other 
elements found as impurities in the feed gases (5); the 
range of reactant compositions that can be examined is 
limited because of the explosive nature of ethylene in 
the presence of oxygen. Last but not least, the large 
heat of reaction, espetially of the complete oxid~tion 
reaction, produces difficulties in performing experi-
ments at isothermal conditions. 
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Because of the difficulties mentioned above, the 
results which have been published show· a great deal of 
v a r i a t 1 o n • Mo s t o f t h e re s u 1 t s p u b 1 i s h e d h lv e b e e n 
obtained using total pressures of the order of one atmos-
phere. Although much higher pressures are used commer-
cially, as high as 35 atmospheres, the reaction kinetics 
at these high pressures have not been reported. (6) 
The commercial importance of ethylene oxide justifies 
the great effort of many investigators in studying the 
kinetics of the ethylene oxidation, since, a clear and 
precise kinetic knowledge of the system can lead to the 
design of optimum catalytic apparatus. 
The purpose of the present investigation was to 
obtain kinetic data of the partial oxidation of ethylene 
over a silver catalyst and to contribute towards a better 
understanding of the mechanism of the reactions involved. 
A differential reactor technique was used and the effects 
of reactant concentrations were studied at a temperature 
of 278°C and a total pressure of 100 psig. A number of . 
mechanisms were evaluated against the data obtained under 
these experimental conditions. A kinetic rate expres-
sion was deriNed according to the mechanism which fitted 
the data best. 
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-CHAPTER TWO: SURVEY OF PREVIOUS WORK 
2.1 Kinetics and Mechanism 
Many investigators have attempted to determine the 
kinetics and mechanism of the partial oxidation of 
ethylene to ethylene oxide, Although a great deal of 
variation exists in the published literature, a clearer 
picture begins to emerge. Most workers agree that the 
kinetics of the reaction is controlled by the surface 
reaction rate and is independent of adsorption and 
desorption rates (5,7,8), 
Twigg (9) who was the first to do a detailed study 
of the kinetics of this system concluded that the re-
action is taking place by the interaction of gaseous or 
weakly adsorbed ethylene with one adsorbed oxygen atom 
to form ethylene oxide or with two adsorbed oxygen at~ms 
to form intermediates which were rapidly 1 oxidized to 
carbon dioxide and water. 
Orzechowski and MacCormak (7) concluded that both 
the ethylene oxide and the carbon dioxide and water form-
ation proceed via interactions of single gaseous ethylene 
molecules with single oxygen adatoms. This was viewed as 
a system of two parallel reactions of different activa-
-6-
tion energy requirements or a common initiation step to 
form adsorbed ethylene oxide which may then desorb or 
isomerize to acetaldehyde followed by rapid oxidation to 
carbon dioxide and water. They also found that some of 
the carbon dioxide was produced by further oxidation of 
ethylene oxide (10). 
On the other hand, Klugherz and Harriott (11) from 
their investigation concluded that the reaction takes 
place between adsorbed ethylene and an adsorbed oxygen 
atom or molecule or active sites formed by the dissoci-
ative adsorption of a lower layer of oxygen on metallic 
silver. The catalyst surface was viewed as being 
similar to silver oxide. 
The inhibition of the reaction by its products is 
another aspect whic~ has been studied by many workers 
(5,8). Almost all the workers agree that the reaction is 
inhibited by all three of the products by either revers-
ibly deactivating the catalyst or by occupying the 
sites on the catalyst surface. 
Finally, it has been observed {12) that the addition 
of trace quantities of halogen compounds and especially 
of ethylene dichloride to the feed gas stream reduces the 
-7-
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complete combustion reaction and thus increases the 
selectivity, 
2.2 Adsorption 
The adsorption characteristics of ethylene and 
..J oxygen on silver are very important in obtaining a 
picture of the mechanism of this particular system, The 
interaction between silver and oxygen has been investi-
gated by many authors. Many of the data are consistent 
with the occurrence of more than one adsorption process 
when silver is exposed to oxygen. Some investigators 
such as Smeltzer and co-workers (13) and Czanderna (14) 
believe that atomic and molecular oxygen species exist 
on the surface in contrast to Sandler and Durigon (15) 
who believe that both species are oxygen atoms which 
differ in ·their binding energy. 
Most investigators agree that ethylene is not 
adsorbed on metallic silver (16). It has been· shown h9w-
ever (17) that ethylene is adsorbed on an oxygen covered 
silver surface. 
Ethylene oxide is strongly adsorbed on metallic 
silver while carbon dioxide and water are not adsorbed at 
-8-
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all. On the other hand, all three of the reaction 
products - ethylene oxide, carbon dioxide and water - are 
adsorbed on a s1lver oxide surface (18, 19), 
-9-
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CHAPTER THREE: EXPERIMENTAL 
3. 1 Pilot Plant 
Figure 1 is a schematic representation of the 
a pp a r a tu s u s e d i n .s tu d y i n g the pa rt i a 1 ox i d a t i on of 
ethylene over a silver catalyst. A detailed description 
of the system and of the equipment can be found in 
Hutchinson's thesis (20). 
The heart of the unit consists of a tubular reactor 
encased by a furnace. Gas feed lines from compressed gas 
cylinder enter the reactor. The reactor exit line goes 
through a heat exchanger where the exit gases are cooled, 
through a back pressure regulator and into a gas chrom-
atograph where the product gas is analyzed. From the gas 
chromatograph the gases are vented to the atmosphere. 
The tube furnace consists of three zones of heating 
filaments, the total heating compartment being 36 inches 
long by three inches in diameter. Any on-off temperature 
controller controls the temperature of the furnace. The 
power input to each zone can be varied from 50 to 100 per 
cent to obtain different temperature profiles along the 
furnace. 
··- _,. 
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.. The temperature inside the reactor is serised by six 
iron-constantan thermocouples which are connected to a 
multipoint temperature recorder. For safety reasons 
the temperature recorder is equipped with an alarm 
system. If any one of the thermocouple readings is 
above a set temperature (800°F in this experiment) a 
switch is activated which activates a solenoid switch 
that turns off the power supplied to the furnace. 
The gas flow rates were measured with high pressure 
rotameter. The rotameters were calibrated prior to use 
at the pressure at which the experiments were to be con-
ducted, 100 psig. The water displacement method was 
used for the calibration. The first rotameter (rota-
meter I in Figure 1) was calibrated with nitrogen and 
ethylene. The second rotameter (rotameter II in Figure 
l was calibrated with air. The calibration curves are 
presented on Figures 19, 20 and 21 in Appendix B. Pre-
cision needle valves and control valves were installed 
upstream of the rotameters for precise control of the 
gas flow rates. 
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3.2 Reactor Tube, Packing and Catalyst 
The reaction chamber consists of a 48 inch length of 
one inch, schedule ~O, type 316 stainless steel pipe. A 
diagram of the reactor is shown on Figure 2. Aluminum has 
been cast around the reaction tube to bring its outside 
diameter close to the three inch inside diameter of the 
furnace. A one-quarter inch thermocouple well runs 
through the center of the reactor into which six indi-
vidual iron-constantan thermocouples have been inserted 
at the relative distances indicated in Figure 2, 
The reactor above and below the catalyst bed is 
filled with 1/8 x 1/8 inch inert alumina cylinders. The 
catalyst bed is 9.5 inches long and it consists of a mix-
ture of 50 grams of catalyst and 100 grams of inert 
alumina. The bulk density of the packing was 70.6 lbs/ 
cu.ft. The catalyst bed was diluted with alumina for a 
better temperature control in view of the high exother-
micity of the reactions involved. For the same reason the 
catalyst bed is as placed in the reactor in such a way 
that part of it was in the middle zone of the furnace and 
part of it in the bottom zone. In this way, by varying 
the power input to each zone, a nearly isothermal temp-
erature profile was obtained in the bed. 
-13-
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Figure 2: Details of the react6r 
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The catalfst used is a commercially available one, 
obtained from Harshaw Chemical Company. It is an one-
eighth inch extruded catalyst containing 8% reduced 
silver on an inert alumina support. It has the following 
physical properties: 
Apparent Bulk Density-Packed Surface Area 
Pore Volume 
3.3 Procedure 
85 lb~/cu.ft 
1.5 m /gr 
0.07 cc/gr 
To perform an experimental run the furnace was 
turned on while nitrogen was purged into the system and 
the pressure was building up. When the reactor reached 
the required temperature and pressure, the nitrogen, air 
and ethylene rotameters were adjusted to the desired 
flow rates. When ethylene reached the catalyst bed, the 
reaction started and the temperature in the catalyst bed 
increased. The reactor achieved a steady state after 
about an hour. The power input to the furnace zones was 
varied so as to achieve a nearly isothermal temperature 
profile in the reactor. A typical temperature profile 
is shown in Appendix C. 
The exit gases from the reactor were passed through 
a gas chromotograph for chemtcal analysis. Three 
-15-
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analyses were done for each experimental run after the 
system had reached steady-state. 
When the gas flow rates were changed care was 
exercised to minimize the ethylene concentration in the 
feed gas so as to avoid explosive mixtures. When the 
system was not in operation the catalyst bed was main-
tained in an environment of nitrogen at a temperature of 
about 500°F. 
The analysis of the product mixture was done using 
a Beckman GC-2A Gas Chromatograph equipped with a thermal 
conductivity detector. The column and the detector were 
o·p e ~ i s o t h e rm a l l y a t l O O ° C . Th e c o l um n u s e d w a s a 
' 
one-quarter inch copper tube, six feet long, packed with 
100-120 mesh Porapak Q obtained from Alltech Associates, 
Inc. Helium was used as the carrier gas water was con-
densed out in the condenser following the reactor before 
-------
the product gas mixture ethered the gas chromatograph. 
Its concentration was assumed equal to the concentration 
of carbon dioxide according to the stoichiometry of the 
reaction. 
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CHAPTER FOUR: DATA 
All the runs in this experiment were performed at 
the same temperature and total pressure, Because of the 
very high heat of the reactions involved, especially of 
the complete oxidation reaction, a perfectly isothermal 
temperature profile was difficult to achieve in the cat-
alyst bed. The maximum temperature difference observed 
in the catalyst bed was approximately 2C 0 , All the 
experimental runs were performed at the same average 
temperature of 278°C and at the same total pressure of 
100 psig. The space velocity, defined here as volume of 
feed gases at STP (1 atm, 77°F) per volume of catalyst 
bed per unit time, was also kept constant at 0.234 sec-1 
for all runs. 
Five sets of runs were performed. In the first set 
(cycle 1) the oxygen partial pressure was kept constant 
at 9.46 psia while the ethylene partial pressure was 
varied from 2. 18 psia up to 11.54 psia. These are 
average partial pressures in the reactor. In the second 
set (cycle 2) the oxygen partial pressure was kept con-
stant again but this time at a value of 14.81 psia while 
the ethylene partial pressure was varied from 3.24 to 
-17-
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9.87 psia. The data for these two sets of runs are pre-
o 
sented in Tables I and II, 
In the next two sets of data the ethylene partial 
pressure was kept constant while the oxygen partial pre-
ssure was varied. In the th~rd set (cycle 3) the 
ethylene concentration was kept constant at 4.58 psia 
while the oxygen partial pressure was varied from 4.07 
psia to 17.79 psia. In the fourth set (cycle 4) the 
ethylene pressure was kept constant at 7.40 psia and the 
oxygen partial pressure was varied from 4.29 psia to 
17.57 psia. The data for these sets of runs are pre-
sented on Tables III and IV. 
R1 designates the rate of ethylene oxide formation 
and R2 the rate to carbon dioxide and water formation. 
The rates are expressed in pound moles of ethylene re-
acted to the particular product per hour per gram of 
catalyst. The selectivity is defined here as the ratio 
of the rate of ethylene oxide formation (R 1) over the 
total rate of both reactions, R1 /R1 +R2. 
A fifth set of experiments (cycle 5) were performed 
to study the effects of temperature on selectivity. The 
reactants inlet composition as well as the space velocity 
-18-
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were kept constant and the only parameter which was 
varied was temperature, Three experimental runs were 
performed at 242.8°C and at 259.2°C. The data obtained, 
together with the data of the runs of the same reactant 
composition performed at 278°C are shown on Table V. 
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TABLE I 
Data of Cycle 1 
Average partial pressure of oxygen= 9.46 psia 
Temperature= 278°C 
Pressure= 100 psig 
Space velocity= 0.234 sec-1 
PE, psia Pm, psia Pc & Pw, psia R1 x 106 R2 x 106 
2. 18 0.67 1.45 1. 29 1.40 3.38 0.89 1. 92 1. 72 1.87 4.65 l. 07 2.23 2.08 2.16 5.99 l. 17 2.41 2.27 2.34 7.37 l. 25 2.52 2.42 2.45 8.73 1. 34 2.66 2.59 2.59 10. 14 1. 39 2.68 2.68 2.60 11. 54 1. 44 2.74 2. 77 2.66 
PE [=] average partial pressure of ethylene 
PEo [=] average partial pressure of ethylene oxide 
Pc [=] average partial pressure of carbon dioxide 
Pw [=] average partial pressure of water 
R1 [=] lb moles of ethylene reacted to ethylene 
oxide/gr catalyst - hr 
R2 [=] lb moles of ethylene reacted to carbon 
dioxide and water/gr catalyst - hr 
-20-
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s, % l 
47.9 i 
47.9 1' 
48.9 
49.2 
49.7 
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50,8 
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TABLE II 
Data of Cycle 2 
Average partial pressure of oxygen= 14.81 psia 
Temperature= 278°C 
Pressure= 100.psig 
Space velocity= 0.234 sec-1 
PE, psia Prn, psia Pc & Pw, psia R1 x 106 R2 x 106 
3.24 . 0. 57 1.00 2 I 12 1.82 4.49 0.68 1.16 2.52 2.26 5.70 0.78 1. 42 2.81 2.60 7.03 0.80 1.49 3.08 2.90 8.47 0.82 1. 57 3.29 3.04 9.87 0.83 1. 61 3.43 3.22 
PE [=] average partial pressure of ethylene 
PEo [=] average partial pressure of ethylene oxide 
Pc [=] average partial pressure of carbon dioxide 
Pw [=] average partial pressure of water 
R1 [=] lb moles of ethylene reacted to ethylene 
oxide/gr catalyst-hr 
R2 [=] lb moles of ethylene reacted to carbon 
dioxide and water/gr catalyst - hr 
s [=] (R1 /R2 + R2) 100% 
-21-
, 
' 
s, % 
53.9 
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51. 6 
' I 
t 
i' 
I 
I 
I: 
.' 
1 
' " 
; 
., 
:; 
·) 
,: 
TABLE II I 
Data of Cycle 3 
Average partial pressure of ethylene= 4.58 psia 
Temperature= 278°C 
Pressure= 100 psig 
Space velocity= 0.234 sec-1 
Po, psia PEo, psia Pc & Pw, psia R1 x 106 R2 x 106 s, % 
4.07 0.42 0.98 l. 64 l.89 6. 77 0.52 l. 06 · 2.03 2.05 9.51 0.58 l. 13 2.23 2.19 12.28 0.65 l. 78 2.52 2.29 15.07 0.71 l.80 2.73 2.36 17.79 0.76 l. 31 2.95 2.54 
Po [=] average partial pressure of oxygen 
PEo [=] average partial pressure of ethylene oxide 
Pc [=] average partial pressure of carbon dioxide 
Pw [=] average partial pressure of water 
R 1 [=] lb moles of ethylene reacted to ethylene 
oxide/gr catalyst - hr 
R2 [=] lb moles of ethylene reacted to carbon 
dioxide and water/gr catalyst - hr 
s [=] (R1 /R2 + R2) 100% 
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TABLE 1v· 
Data of Cycle 4 
Average partial pressure of ethylene= 7.40 psia 
Temperature = 278°C 
Pressure= 100 psig 
Space velocity= 0.238 sec-1 
Po, psia PEQ, psia Pc & Pw, psia R1 x 106 R2 x 106 S, % 
4.29 0.39 0.84 1. 52 1. 63 6.70 0.49 1. 11 1. 91 2. 16 7.95 0.59 1. 21 2.29 2.34 9.67 0.62 1. 26 2.43 2.48 l 0. 63 0.68 1. 31 2.63 2.54 12.05 0.73 1. 31 2.82 2.59 14.87 0. 77 l. 33 2.96 2.69 17. 57 0.78 l. 45 2.99 2.81 
Po [=] average partial pressure of oxygen 
PEQ [=] average partial pressure of ethylene oxide 
Pc [=] average partial pressure of carbon dioxide 
Pw [=] average partial pressure of water 
· .R1 [ =] lb moles of ethylene reacted to ethylene 
oxide/gr catalyst - hr 
R2 [=] lb moles of ethylene reacted to carbon 
dioxide and water/gr catalyst - hr 
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TABLE V 
Data of Cycle 5 
Pressure= 100 psig 
Space velocity= 0.234 sec-1 
T °C 
242.8 
242.8 
242.8 
259.2 
259.2 
259.2 
278 
278 
278 
E' % 
5.00 
6.25 
7.50 
5.00 
6.25 
7.50 
5.00 
6.25 
7.50 
0' % 
10.0 
10.0 
10.0 
10.0 
10. 0 
10. 0 
10.0 
10.0 
10.0 
T [=] average temperature in reactor 
s' % 
64.8 
62.6 
58.9 
56.5 
57.0 
57.5 
49.0 
49.2 
49.7 
E [=] ethylene mole percent in feed stream 
0 [=] oxygen mole percent in feed stream 
S [=] selectivity, (R1 /R1 + R2) 100% 
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CHAPTER FIVE: RESULTS 
The partial oxidation of ethylene to ethylene 
oxide and to carbon dioxide and water over a silver cat-
alyst was studied using a differential reactor at 278°C 
and at a total pressure of 100 psig. The most important 
variables of interest are the partial pressures of 
ethylene and oxygen in the reactor. The effects of 
these variables on the rates of the reactions are 
studied here. 
5. 1 Effect of Ethylene Pressure on the Rate 
Figures 3 and 4 show the rates of reaction to 
ethylene oxide and to carbon dioxide and water versus 
the average partial pressure of ethylene in the reactor. 
The average partial pressure of oxygen was constant at 
9.46 psia in Figure 3 and at 14.81 psia in Figure 4. 
The space velocity was also held constant at 0.234 sec-1 
by varying the nitrogen flow rate. In both cases, both 
of the reaction rates increase with increasing ethylene 
partial pressure, at a higher rate initially and at a 
slower rate at higher ethylene partial pressures. The 
rates are higher for higher oxygen partial pressures. 
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The characteristics of these rates are, at least 
qualitatively, similar to those associated with dual-
site Langmuir-Hinshelwood types of mechanisms with 
• 
competitive adsorption of reactants on the catalyst sur-
face. Since ethylene is not adsorbed ·on metallic 
silver, then, either the catalyst is not metallic 
silver, but a combination of metallic silver and silver 
oxide, or the ethylene molecules are adsorbed on an 
oxygen-covered silver surface which behaves similarly to 
silver oxide. 
Another qualitative conclusion which can be drawn 
from these curves is that the higher oxygen partial· pres-
sure seems to favor the reaction to ethylene oxide more 
than does the reaction to carbon dioxide and water. 
Thus, the selectivity is higher for higher oxygen 
partial pressures, all otheri factors being equal. 
5.2 Effect of Oxygen Pressure on the Rate 
Figures 5 and 6 show the rates of ethylene oxidation 
to ethylene oxide and to carbon dioxide and water as 
functions of the oxygen partial pressure. The partial 
pressure of ethy°lene was kept constant at 4.58 psia in 
Figure 5 and at 7.40 psia in Figure 6., The nitrogen flow 
' 
·., . ..,,._, ,.·c. .. ·., ·, ... 
I ' I 
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rate was varied to compensate for the variation of the 
air flow rate and, thus, to keep the space velocity con-
stant. The rates increase with incr~asing partial pres-
sure of oxygen for both reactions and they are higher the 
higher the ethylene pressure . 
The non-linearity of the rates versus oxygen partial 
pressure curves indicates that oxygen is strongly adsorbed 
on the catalyst surface. This conclusion is in agreement 
with adsorption studies of oxygen on metallic silver and 
with results obtained by Klugherz and Harriott (11) who 
performed their experiments at high oxygen pressures. 
However, Nanet and co-workers (8), who performed their 
experiments at one atmosphere total pressure, obtained a 
linear relationship between both rates and the oxygen 
concentration and concluded that oxygen is weakly adsorbed 
on the catalyst surface, if adsorbed at all. 
The dependence of the rat~s on the oxygen partial 
pressure is of higher than first order. Although most 
investigators have observed orders for oxygen less than 
or equa 1 to unity, Kl ugherz and Harriott (11) a 1 so reported 
orders of oxygen higher than unity at higher ethylene 
pressures. 
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5.3 Effect of Products Pressure on the Rate 
The effect of the reaction products on the rate was 
not investigated in this study, It must be mentioned, 
however, that most investigators who studied the effects 
of ethylene oxide, carbon dioxide and water on the 
reaction rates have come to the conclusions that all of 
the reaction products have some influence on both 
ethylene oxide and carbon dioxide formation rates. To 
minimize these effects the conversions were kept at low 
levels. 
Nault and co-workers (8) report that adding less 
than 2% carbon dioxide to the reactant mixture halved 
the rate of ethylene oxide formation and lowered the 
rate of carb-0n dioxide and water formation. Kurilenko 
et al (5) and Metcalf and Harriott (21) report that all 
reaction products tend to inhibit the reaction. The 
order of inhibition seems to be: C2H40>C02>H20. Since 
the reactions are highly irreversible the inhibition by 
the products cannot be due to reverse reaction but most 
probably due to reversible occupancy ~f the catalytic 
sites and coverage of the catalyst surface. Metcalf and 
Harriott (21) have shown that the inhibiting effects of 
-28-
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water and carbon dioxide on the reaction rates decrease 
as the ethylene concentration increases, suggesting that 
ethylene and the reaction products compete for the same 
catalytic sites. 
5.4 Selectivity 
Selectivity is used here to designate the ratio of 
the rate of ethylene oxide formation (R1) over the total 
rate of both reactions, R1/R1 + R2. Although a detailed 
\ 
study of the selectivity of this reaction scheme was not 
intended in this work, some conclusions can be drawn 
from the results obtained. In all experimental runs the 
selectivity was at relatively low levels. The cause of 
the low values of selectivity is probably the high temp-
erature at which the experiments were conducted and the 
high surface area of the catalyst used (1.5 m2/gr) (6). 
Figures 7 and 8 show the effects of oxygen and 
ethylene partial pressures on selectivity. 
Clearly·, the selectivity increases with increasing 
oxygen partial pressure, and it tends to level off at 
higher oxygen partial pressures. 
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The situation gets more complicated when the 
dependence of selectivity on the ethylene partial pres-
sure is considered. At a lower oxygen pressure it seems 
that the selectivity increases linearly with increasing 
ethylene partial pressures. At a higher oxygen pres-
sure the selectivity initially decreases and then levels 
off with increasing ethylene partial pressure. 
A safe conclusion from these considerations would 
be that the selectivity is a strong function of oxygen 
partial pressure and a weak function of ethylene partial 
pressure. 
Figure 9 shows the dependency of selectivity on 
temperature. It is obvious that the selectivity 
increases with decreasing temperature. This inverse 
dependence is probably the only conclusion wh~ch can be 
drawn from the data obtained. The strange dependence of 
selectivity on ethylene partial pressure is portrayed 
again on Figure 9. At 242.8°C the selectivity decreases 
with increasing ethylene pressure while at the other 
temperatures the selectivity increases only very slightly 
with increasing ethylene pressure. 
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CHAPTER SIX: REACTION MECHANISM 
6. 1 Rate-Controlling Step 
The steps which constitute the mechanism of a cata-
lytic reaction are both physical and chemical. The re-
action on a solid catalyst may be viewed as taking place 
according to the following steps: 
/ 
l. A number of transport processes: Diffusion of 
the reactants to the surface of the catalyst; Diffusion in-
to the pores of the catalyst; Diffusion of the products to 
the exterior of the catalyst; Diffusion from the pellet to 
the main gas stream. 
2. Adsorption of the reactant(s) on the catalyst 
surface. 
3. The actual chemicnl reaction or series of re-
actions which take place in the adsorbed phase on the 
surface of the catalyst. 
4. Desorption of the product(s) from the catalyst 
surface. 
The overall rate of the reaction may be controlled by 
any of the above steps or some combination of them since 
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they all occur in series. To test for film diffusion con-
tro~ling, a series of runs were made at different veloc-
ities with the amount of catalyst adjusted to a constant 
W/F ratio. The conversions obtained at different veloc-
ities were identical within limits of experimental error. 
It was concluded, therefore, that the effect of film 
diffusion was negligible and it cannot be considered as the 
rate-controlling step. 
Nault et al (8) use the following arguments to dis-
count steps 2 and 4 from being rate-controlling steps: If 
the rate of adsorption of one of the reactants in an 
irreversible reaction is rate-controlling, increasing the 
concentration of the other reactant, keeping all the other 
parameters constant, either would not have any effect on 
the rate or it would lower the rate, if it was adsorbed on 
competitive sites. But, the rate of the reaction would not 
be increased in any case. Figures 5 and 6 clearly show 
that increasing the oxygen concentration increases the 
rates of both reactions. Therefore, the adsorption of 
ethylene cannot be rate-controlling. By similar reasoning, 
examining Figures 3 and 4 in which the concentration of 
ethylene is varied, the possibility of the oxygen adsorp-
tion being rate-controlling in either rea~tion can be 
eliminated. 
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'The rate of adsorption of a reactant is directly 
proportional to the concentration of the reactant at the 
interface and to the concentration of the available 
adsorption sites on the catalyst surface. If the adsorp-
tion of both reactants was rate-controlling, then the cat-
alyst surface would have been free of reactant and product 
molecules in which case the rates of the reactions would 
have been linear functions of the concentration of both 
reactants. It is apparent from Figures 3, 4, 5 and 6 that 
such is not the case, and, therefore, the rate of adsorp-
tion of ethylene and oxygen is not rate-controlling. 
Figures 3, 4, 5 and 6 can also be used to exclude the 
possibility of the desorption of the products being the 
rate-controlling steps as follows: If the rate of desorp-
tion was rate controlling, the catalytic sites would have 
all been quickly occupied by the adsorbed product molecules. 
In this case a change in reactant concentration would have 
no effect on the rates of the reactions. It has been 
shown, however, that the rates of both reactions are strong 
functions of the reactants concentrations. Therefore, the 
rate of desorption cannot be the rate-controlling step. 
The above analysis has eliminated steps l, 2 and 4 
from being rate-controlling. If it is further assumed that 
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there is only one rate-controlling step, then, the most 
plausible rate-controlling step at the conditions of this 
experiment is step 3, the surface reaction. 
The above conclusion is in agreement with results 
presented by other investigators from experiments per-
formed usually at one-atmosphere total pressure, among 
them, Orzechowski and MacCormak (7), Nault, Bolme and 
Johanson (8), Metcalf and Harriott (21 ), Klugherz and 
Harriott (11) and others. 
6.2 Searching for a Mechanism 
The qualitative conclusions presented above, together 
with other factors and assumptions are used in postulating 
a reaction mechanism from which a rate low is derived. In 
summary, those factors are the following: 
1. The rates of both reactions at the conditions of 
the experiment (278°C, 100 psig total pressure) increase 
with increasing reactants concentration. The dependence 
of the rates on the reactants concentration is not a 
linear one. 
2, Oxygen concentration affects the dependence of the 
rate on ethylene concentration and the ethylene concentra-
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tion affects the dependence of the rate on oxygen concen. 
tration. This indicates that oxygen and ethylene compete 
for adsorption on active sites on the catalyst surface, 
3, The reactants concentrations seem to have approxi~ 
mately the same effects on both reacti0ns, Therefore, the 
same kinetic model is used for both reactions, 
4, It was argued earlier that the surface reaction is 
the rate-controlling step, 
5, The reaction products inhibit both reactions by 
competing with ethylene and oxygen for catalytic sites, 
6. It is shown in the literature that oxygen is 
strongly adsorbed on metallic silver surfaces, and it is 
believed that both atomic and molecular oxygen species 
exist on .the surface, Ethylene is not adsorbed on metallic 
~ilver, but it is adsorbed on silver oxide and on oxygen-
covered silver a11rfaces. Ethylene oxide is adsorbed on 
both metallic silver and silver oxide, while carbon 
dioxide and water are adsorbed only on silver oxide. 
7. Although Orzechowski and MacCormak (10) found that 
carbon dioxide is also produced from further oxidation of 
ethylene oxide, this production is very small compared to 
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carbon dioxide formation from the complete oxidation of 
ethylene, and it is neglected in this study. 
8. The reactions are highly irreversible, and the 
reverse reactions are not included in the development of a 
mathematical model. 
9. Some patents (12} claim that the yield of ethy-
lene oxide is improved by adding traces of organic halogen 
compounds such as ethylene dichloride to the feed, while 
larger quantities tend to inactivate the catalyst. 
Mechanism I: A reaction mechanism which qualitatively 
fulfills the above requirements is a dual-site Langmuir-
Hinselwood mechanism in which ethylene and oxygen are com-
petitively adsorbed on active catalytic sites and react on 
the catalyst surface to produce either ethylene oxide or 
carbon dioxide and water. At the present, let us assume 
that only molecular oxygen is present on the catalyst 
surface. 
The kinetic rate expression for this mechanism is 
derived on Appendix A. The rate expression for both re-
actions is the following: 
R = 
.. 43_ 
' 
' I 
where PE, P0, PEO' Pc and PW: are the average partial pres-
sures of ethylene, oxygen, ethylene oxide, carbon dioxide 
and water, respectively, k1 is the rate constant, and the 
K's are the equilibrium adsorption constants. 
If this mechanism is the correct one, then plots of 
(PE P0 /R) 
112 versus PE at constant P0, PE 0, Pc and PW and 
and plots of (PE P0 /R) 112 versus P0 at constant PE, PEO' 
Pc and PW should be linear. Although the partial pres-
sures of the products in each experimental set are not 
absolutely constant, the deviation is too small to have a· 
significant effect on these plots. 
Such plots appear on Figures 10 and 11 for the re-
action to ethlene oxide and on Figures 12 and 13 for the 
reaction to carbon dioxide and water. The plots of 
(PE P0 /R) 112 versus PE seem to be relatively good straight 
lines. The slopes of these lines should be proportional 
to P0 and, therefore, the higher the oxygen pressure the 
higher the slope. In Figure 10 the two lines seem to be 
parallel, while in Figure 12 the line corresponding to 
lower oxygen pressure has a higher slope. The plots of 
(PE P0 /R) 112 versus P0 give a much poorer fit to a 
straight line. On the basis of these two observations it 
can be concluded that mechanism I is not an adequate rep-
resentation of the actual mechanism of the reaction. 
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Before this mechanism is totally discounted it should 
be pointed out that the model represents the dependence of 
the rates on the partial pressure of ethylene much better 
than it represents the dependence of the rates on the 
partial pressure of oxygen. 
Mechanism II: The second mechanism examined is 
similar to mechanism I. The difference is that it is now 
assumed that a portion of the oxygen is symmetrically 
dissociated upon adsorption on the catalyst surface, and, 
therefore, there are two oxygen species occupying catalytic 
sites; molecular oxygen and atomic oxygen. This type of 
adsorption as it was mentioned earlier, is closer to what 
has been observed in studies of oxygen adsorption on silver. 
It is further assumed that adsorbed molecular oxygen 
reacts with ethylene to produce ethylene oxide while 
adsorbed atomic oxygen reacts with ethylene to produce 
carbon dioxide and water. 
The rate expressions for this mechanism which are 
derived on Appendix A are the following: 
kl p E P·o Rl ::: 
[1 + KEPE 
+ KwPwJ2 
k p p 1/2 
2 E 0 
I l/2 2 
K'O p O ·· -0' KEO p E O + KC p C + KW p W] 
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where R1 is the rate to ethylene oxide formation and R2 
is 
the rate to carbon dioxide and water formation. 
If this mechanism is the correct one, then plots of 
(PE Pa /R 1)112 versus PE at constant Pa, PEa' Pc and PW 
should be linear for the reaction to ethylene oxide. These 
plots are identical to the ones used to check mechanism I 
and they appear on Figures 1 a. For the reaction to carbon 
dioxide and water, plots of (PE p 1/2/R ) l/ 2 versus PE a 
at constant pa' PEa' p and PW should be linear. Such 
plots appear on Figure 1 4. 
Again, this mechanism can be descarted on the same 
grounds that mechanism I was descarted namely, that to 
slopes of the (PE Pa /R 1) 112 or (PE P0
112/R 2) 
112 versus PE 
versus PE plots are not proportional to P0 or to P0
112 
respectively. An attempt to fit the data to a mechanism 
according to which the reaction to ethylene oxide pro-
ceeded via an atomic oxygen species gave even poorer 
results. 
Mechanism III: This mechanism has been proposed by 
Klugherz and Harriott (11). A detailed analysis can be 
found in their publication and only the most important 
aspec~s will be mentioned here. According to this 
mechanism, reaction takes place between adsorbed ethylene 
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and adsorbed oxygen on top of an oxygen covered silver 
surface. This scheme explains the fact that ethylene is 
not adsorbed on silver but it is adsorbed on oxygen-
covered silver and on silver oxide, It is proposed that 
oxygen atoms are adsorbed on silver to form the active 
sites and, thus, the catalyst surface with the adsorbed 
oxygen on it behaves as a silver oxide surface. The oxygen 
species which participates in the reaction is either an 
atomic or a molecular oxygen. This statement is also 
supported from other studies which have shown that there 
are at least two oxygen species adsorbed on a silver sur-
face. 
Another important aspect of this mechanism is that it 
explains the fact that the reactions are inhibitied by 
• 
their products, an observation made by many workers, Only 
ethylene oxide is adsorbed on metallic silver, while car-
bon dioxide and water are adsorbed only on silver oxide, 
Ethylene oxide is adsorbed on both metallic silver and 
silver oxide. The inhibition by carbon dioxide and water 
cannot be explained if it is assumed that the catalyst 
consists of metallic silver. On the other hand, if it is 
assumed that the catalyst surface behaves like silver ,. 
oxide, carbon dioxide and water inhibition can be explained 
··on the basis that the products are adsorbed on the "silver 
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oxide" surface occupying active catalytic sites. and. thus, 
inhibiting the reaction. 
The reaction scheme according to this mechanism is 
proposed by Klugherz and Harriott (11) to be the following: 
The first step is the dissociative adsorption of 
oxygen on the silver surface to form active catalytic 
sites. 
where S represents an active site. 
Ethylene and oxygen are then adsorbed on these active 
sites. Oxygen can be adsorbed either as a molecular 
species, or it can be dissociatively adsorbed 
or 
+ o2 + 2S+20.S 
The reaction between the adsorbed ethylene and the adsorbed 
oxygen species then takes place on the catalyst surface. 
If the adsorbed oxygen species is a molecular one, 
... 4a .. 
' 
) 
; 
·,, 
or if it is an atomic one, 
The reaction to carbon dioxide and water proceeds 
similarly. 
The rate equations were developed by Klugherz and 
Harriott assuming that the surface reaction is the rate" 
controlling step and that the oxygen atoms which are 
adsorbed on the catalyst surface to form the active sites 
are in equilibrium with the oxygen molecules in the gas 
phase. 
The development of the rate expressions is reproduced 
on Appendix A. 
If molecular oxygen is assumed to participate in the 
surface reaction the rate expression is the following: 
R :: 
where Ks is the equilibrium constant for the initial 
dissociative adsorption of oxygen to form the active 
catalytic sites. 
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If this mechanism is the correct one then plots of 
(PE P0 
2 /R) 112 versus PE at constant .P 0, PED' Pc and PW 
should be linear. Such plots appear on Figure 15 for the 
reaction to ethylene oxide and on Figure 16 for the 
reaction to carbon dioxide and water. 
If atomic oxygen is assumed to participate in the sur-
face reaction, the rate expression is the following: 
R = 
k p p 3/2 
E 0 
( 1 + r'Ks PO) 2 
If this mechanism is the correct one then plots of 
p p 3/2 1/2 
( E O ) 
k versus PE at constant P0 , PEO' Pc and Pw 
should be linear. Such plots appear on Figure 17 for the 
reaction to ethylene oxide and on Figure 18 for the re-
action to carbon dioxide and water. 
A discussion on the fitting of these plots is pre-
sented on the next section. 
6.3 Proposed Mechanism 
The fitting of the data to the equations developed 
according to mechanism III is a very good one as seen from 
Figures 15, lE, 17 and 18. On the basis of this data it is 
very hard to distinguish whether an adsorbed molecular or 
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atomic oxygen species participates in the surface re-
action. A close comparison of Figures 15 and 17 will show 
that the fitting of the data is better in Figure 15 in 
which the partial oxidation reaction to ethylene oxide is 
assumed to proceed via an adsorbed molecular species than 
in Figure 17 where adsorbed atomic oxygen is assumed to 
participate in the reaction. The difference in fitting is 
rather small, and one cannot be sure that it is indeed due 
to the actual process and not due to experimental 
uncertainty. 
A comparison of Figures 16 and 18 which concern the 
reaction to carbon dioxide and water is even more diffi-
cult. The fit of the data in both plots is equally good. 
Therefore, it is impossible to draw a safe conclusion re-
garding which oxygen species participates in the reaction 
to carbon dioxide and water from the data obtained in this 
study. 
Klugherz and Harriott (11) arrived at the exact 
opposite conclusions concerning the oxygen species which 
participates in the two reactions. They found that their 
data for the partial oxidation reaction to ethylene oxide 
fitted equally well the equations derived for reaction of 
adsorbed ethylene with adsorbed molecular oxygen ~and with~ 
.. 51 .. 
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adsorbed atomic oxygen. Their data on the complete oxida-
tion reaction to carbon dioxide and water could be fitted 
only to the equation developed for reaction of adsorbed 
ethylene with adsorbed molecular oxygen. 
Further evidence is needed if one is to arrive at a 
safe conclusion regarding the oxygen species which partici-
pates in each reaction. Since this evidence cannot be pro-
vided by the experimental data obtained in this study, an 
attempt will be made to throw some light onto this problem 
by combining the conclusions reached above with findings of 
others who have studied this system. 
It was mentioned earlier in this report that the 
addition of traces of halogen compounds and especially of 
ethylene dichloride to the feed gas stream reduces the rate 
to carbon dioxide and water formation and, thus, increases 
the selectivity. Czanderna (14) as well as Kilty, Rol and 
Sachtler (22) report three processes of oxygen adsorption 
on silver. An initial dissociative adsorption at high rate 
with a low activation energy of approximately 3 kcal/mole6: 
02 + 4 A9..)-20 2- + 4 Ag+ (Step l) 
This step was completely inhibited by the preadsorption of 
3 x 1018 chlorine atoms /m2 on a silver surface of 12 x 1018 
surface silver atoms (22). 
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The second process is nondissociative and of a higher 
activation energy of approximately 8 kcal/mole: 
The thir~ process is again a dissociative adsorption with 
an activation energy of 14 kcal/mole occurring at higher 
temperatures: 
02 + 4 Ag+2 o2- + 4 Ag+ (Step 3) 
Chloride which has a high heat of adsorption occupies 
adsorption sites very fast and inhibits the dissociative 
adsorption of the smallest activation energy (step 1). It 
also partially inhibits the activated dissociative adsorp-
tion (step 3) because of the higher activation energy for 
surface migration of chlorine compared to that of oxygen 
(23). Since the addition of chlorine to the feed-gas 
stream for the oxidation of ethylene over a silver catalyst 
increases the selectivity by blocking the reaction to car-
bon dioxide and water, it can be concluded that the selec-
tive oxidation of ethylene to ethylene oxide proceeds via 
an adsorbed molecular oxygen species while the complete 
oxidation reaction to carbon dioxide and water proceeds via 
an adsorbed atomic oxygen species. 
Herzog (24}, addressing himself to the same question, 
namely, whether the formation of ethylene oxide on s.ilver 
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catalyst proceeds via chemisorbed atomic or molecular 
oxygen, reacted ethylene with oxygen and ethylene with 
nitrons oxide over a silver catalyst. Nitrons oxide de-
composes to form atomic oxygen according to the reaction: 
when ethylene was reacted with oxygen, a significant amount 
of ethylene oxide was produced. When ethylene was reacted 
with nitrons oxide at a comparable concentration, ethylene 
was almost completely oxidized to carbon dioxide and water. 
'His conclusion was that when ethylene reacts with chemi-
sorbed molecular oxygen, ethylene oxide is produced, while, 
when it reacts with dissociatively chemisorbed oxygen, the 
only products are carbon dioxide and water. 
Imre (25, 26), by measuring not only the rates of 
ethylene oxide and carbon dioxide formation, but also the 
steady-state oxygen activity in the catalyst and the rate 
of dissociation of molecular oxygen to form adsorbed atomic 
oxygen and atomic oxygen dissolved in the catalyst, reached 
the same conclusion concerning the nature of the adsorbed 
oxygen species which participates in each reaction. 
Combining the conclusions presented fro~ the analysis 
of the experimental data obtained in this study with the 
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conclusions of other workers presented above, it can be 
concluded that the partial oxidation of ethylene to 
ethylene oxide proceeds via an adsorbed molecular oxygen 
species while the complete oxidation of ethylene to carbon 
dioxide and water proceeds via an adsorbed atomic oxygen 
species. 
The rate expression for the partial oxidation reaction 
based on mechanism III with the further addition that 
adsorbed molecular oxygen is participating in the surface 
reaction is the following: 
2 (1 + IKsPo) (50) 
The rate expression for the complete oxidation re-
action assuming that it proceeds via an adsorbed atomic 
oxygen species is the following: 
where k1 
(1 + IKsPo) 2 
= rate constant for the reaction to ethylene 
oxide 
k2 = rate constant for the reaction to carbon 
dioxide and water 
-55-
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Ks= equilibrium constant for the adsorption of 
oxygen to form active catalytic sites 
KE, K0, KEO' Kc, Kw= equilibrium constants for 
the adsorption of ethylene, oxygen, ethylene 
oxide, carbon dioxide and water respectively 
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CHAPTER SEVEN: SUMMARY AND CONCLUSIONS 
The partial oxidation of ethylene with air over a 
supported silver catalyst at 278°C and a total pressure 
of 100 psig was studied using a differential reactor 
technique. A number of different mechanisms were tested 
against the data obtained, and rate expressions for the 
partial and the complete oxidation reactions were 
developed according to the mechanism which best fitted 
~he data. It is felt that the mechanism which is pro-
posed in this report is an adequate representation of 
the actual mechanism of the reaction. The question 
which still cannot be answered with absolute certainty 
concerns the nature of the adsorbed oxygen species which 
participates in each reaction. 
Previously published adsorption data of oxygen and 
ethylene on metallic silver and on silver oxide are 
compared with conclusions obtained in this study con-
cerning the adsorption of the same species on the cat-
alyst surface. Apparently there is no correspondence 
between the adsorption behavior of the reactants and 
products on metallic silver presented in the literature 
with the adsorption behavior of the same species as 
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reflected from the rate equations developed here. On 
the other hand there is a close relationship between 
the adsorption behavior of the reactants and products 
on silver oxide surfaces with the adsorption behavior 
protrayed in this study. This relationship suggests 
that the active catalyst is closer to oxidized silver 
than to metallic silver or that the adsorbed oxygen 
on the catalyst surface makes it behave very much like 
a silver oxide surface. 
Differential rea~tor data are very useful in deter-
mining the rate-controlling step and the mechanism of the 
reaction. The interpretation of differential reactor 
data is much easier than the interpretation of i.ntegral 
reactor data because the interpretation is not sensitive 
to the shape of a curve and because the rates are 
measured directly. Plots of the differential rates of 
each reaction versus the concentration of each reactant 
while all the other parameters were kept constant were 
used to determine the rate-controlling step of the 
reactions. It was concluded that the rate controlling 
step is the surface reaction, independent of adsorption 
or de~or~tion rates. 
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The mechanism which best fit the data is a 
Langmuir-Hinshelwood type of mechanism developed earl fer 
and presented by Klugherz and Harriott (11), According 
to this mechanism, oxygen is dissociatively 'adsorbed on 
the catalyst surface to form a layer of active catalytic 
sites. Ethylene and oxygen are subsequently adsorbed on 
these active sites and react to form either ethylene 
oxide (selective partial oxidation reaction) or carbon 
dioxide and water (complete oxidation reaction). The 
concentration of the active catalytic sites is assumed 
to be proportional to the partial pressure of the oxygen, 
Reactants and products compete for adsorption on the 
active sites. This mechanism explains the observation 
of many workers that the reaction products inhibit the 
reaction, which cannot be explained if it is assumed 
that the catalyst consists of metallic silver, It also 
explains the fact that ethylene is adsorbed on the cat-
alyst surface. It is known that ethylene is not 
adsorbed on metallic silver, but it is adsorbed on 
silver oxide and on oxygen covered silver . 
• 
· A safe conclusion concerning the nature of the 
adsorbed oxygen species which participates in each 
reaction could not be drawn from the data obtained. The 
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testing of the equations developed according to this 
mechanism indicates that, most probably, the partial 
oxidation reaction to ethylene oxide proceeds via an 
adsorbed molecular rather than atomic oxygen species. 
The data for the complete oxidation reaction fitted 
both equation; equally well. Other evidence presented 
earlier in th1s-- report indicates that the partial 
oxidation reaction involves an adsorbed molecular 
oxygen while the complete oxidation reaction involves an 
adsorbed atomic oxygen. It is felt that more work 
should be done towards clarifying the issue of which 
adsorbed oxygen species participates in each reaction. 
/ 
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'Appendix A 
Derivation of Rate Expressions 
Mechanism I - Dual-site Langmnir-Hinshelwood mechanism 
The reaction is assumed to be taking place on the 
catalyst surface between adsorbed ethylene and adsorbed 
molecular oxygen on competitive sites to form either 
ethylene oxide or carbon dioxide and water. The rate-
controlling step is assumed to be the surface reaction. 
The overa 11 react i ans a re: 
The reactions are viewed to be taking place according-
ing to the following steps: a) Adsorption of the 
reactants on the catalyst surface; b) Surface reaction; 
c) Desorption of the products from the catalyst surface. 
The following symbolism is used for simplicity: 
w 
l designates an empty active catalytic site 
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Adsorption; 
Surface reaction: 
Desorption: 
ki 2E.£ + 0,l-+2EO . .e + l 
I 
k2 
E.l + 3 0.l _,..2C.l + 2~1.l 
C • l! C + l , K 6 = Pc C .e IC c 
w • .etu + e, K7 + PwC,e/Cw 
( 2) 
( 3 ) 
( 4) 
( 5 ) 
( 6) 
( 7 ) 
In the equations above, K's represent the equilib-
rium constants for the individual steps; C's are the con-
centrations of the adsorbed ga.ses; C.e is the concentration 
of empty active catalytic sites. 
Assuming that the surface reaction is the rate-
controlling step and that both reactions are first order 
in ethylene and in oxygen, 
Tr.e concentrations of the adsorbed gases are 
expressed in terms of the equilibrium constants from 
- 71-
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Equations 1, 2, 5, 6 and 7 
( 1 0) 
( 11 ) 
( 1 2 ) 
( 1 3) 
( 1 4 ) 
Substituting Equations 10 and 11 into the rate expression, 
Equation 8, the rate is obtained in terms of the partial 
pressures of the reactants: 
( 1 5) 
Ci is the only variable in Equation 15 which cannot be 
obtained experimentally. Since the total number of active 
centers (occupied or unoccupied), L is independent of con-
version, 
Substituting Equations 10, 11, 12, 13 and 14 into 
E q u a t i o n 1 6 a n d s o 1 v i n g f o r Cl we o b t a i rf': 
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Substituting Equation 17 into Equation 15 the final rate 
expression is obtained: 
( l 8 ) 
where 
K = l/K7 
Similarly, if instead of Equation 8, Equation 9 was 
used, the rate of the reaction to carbon dioxide and 
water would have been determined. The rate expression for 
the complete oxidation reaction is: Q_J 
( l 9) 
Mechanism II - Dissociative adsorption of oxygen 
This mechanism assum~s the existence of two adsorbed 
oxygen species on the catalyst surface. A portion of the 
oxygen is dissociatively adsorbed on the surface and a 
portion is non-dissociatively adsorbed. Adsorbed ethylene 
reacts with adsorbed molecular oxygen to form ethylene 
oxide and with adsorbed atomic oxygen to form carbon 
dioxide and water. 
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The same symbol ism is use·d here as the one used for 
the development of mechanism I. The only difference is 
that molecular oxygen is designated here as 02 and atomic 
oxygen as 0. 
The adsorption, reaction and desorption steps are: 
Adsorption: E + -+ .e_ .. - E . .e_ , K1 = CEIPEC.e. (20) 
02 + -+ .e. .. -02,£ , K2 = Co2/Po2 C,e_ ( 21 ) 
+ ·, .. 
--:i K -l / 2 0 2 + £ .. _ 0 . :e. , \ 3 - 1/2 Co/Po2 Cf ( 2 2) 
I 
k1 Surface variation: 2E.l + o2.l-+2EO.l + .e_ (23) 
k I 2 
E.l + 60.f-+2C.l + 2W.£ + 3l ( 2 4) 
Desorption: (25) 
( 2 6) 
( 2 7) 
Assuming first order reactions and that the surface 
reaction is the rate controlling step, the rates of the 
reactions a re obtained from Equations 23 and 24: 
Rl = k I 1 CE Co2 (28) 
I 
. R2 = k2 CE Co (29) 
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The concentration of the adsorbed gases is expressed 
in terms of partial pressures via the Equations 20, 21, 
22, 25, 26 and 27 exactly as was done in Mechanism I. The 
concentration of the unoccupied active catalytic sites i s 
obtained from a ' 1 s i t e s - b a 1 a n c e 11 • 
The rate expressions then take the form: 
Rl = 
kl PE Po 
[l + KEPE + KaP O + K'P 1/2 + KEOPEO + KCPC 0 0 
+ KwPwJ 2 (30) 
and 
k2 PE p l / 2 
R2 0 = [ l + KEPE+ KaP O + K'P 1/2 + KEOPEO + KcPc 0 0 
+ KwP W J 2 ( 31 ) 
Mechanism III - Catalytic sites formed by dissociative 
adsorption of oxygen. 
According to this mechanism, oxygen is dissociatively 
adsorbed on the catalyst surface to form a layer of active 
catalytic sites. Ethylene and oxygen are adsorbed on 
these sites and reaction takes place between adsorbed 
ethylene and adsorbed molecular or atomic oxygen to form 
either ethylene oxide or carbon dioxide ·and water. The 
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mathematical model whjch follows was developed by Klugherz 
and Harriott (11). 
The mathematical model is based on the following 
assumptions: 
' 
1} The rate-controlling step is the surface reaction. 
2) The adsorbed oxygen atoms which form the active 
catalytic sites are in equilibrium with oxygen molecules 
in the gas phase. 
3) The dissociative adsorption of oxygen as well as 
the adsorption of reactants and products on the catalyst 
surface follows the Langmuir isotherm. 
4) The equilibrium of the oxygen atoms adsorption 
to form active catalytic sites is not affected by the 
adsorption and desorption of reactants and products. 
The mechanism of the ethylene oxidation is represented 
by the following scheme: 
Ag + -~ 02+2S (32) 
C2H4 + -+ S+C2H4.S (33) 
02 + s!o2.S (34a) 
-+ (34b) or 02 + 2S+20.S 
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where S represents an active catalytic site. 
Let Os= fraction of catalyst surface covered by 
atomic oxygen forming the active sites 
eE, oa, eEo, ec, ow= fraction of catalyst surface 
covered by ethylene, oxygen, ethylene oxide, carbon 
dioxide and water, respectively. 
( 3 5a} 
(35b) 
Then, fraction of bare (inactive catalyst surface= l es 
fraction of catalyst surface covered by unoccupied 
active catalytic sites = es - eE - ea - eEo - ec - aw 
From Equation 32: Rate of oxygen adsorption 
(36) 
Rate of oxygen desorption 
I 
( 37) 
At equilibrium the rates of adsorption and desorption are 
equal. Solving equations 36 and 37 for es we obtain: 
.e.S = !Yo 
l + IKsPo (38) 
7 
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where Ks II ks/Ls 
From equation 33: Rate of ethylene adsorption 
= kEPE( 6s - 6E - ea - 6Eo - 0c -aw) 
(39) 
Rate of ethylene desorption 
(40) 
At equilibrium the rates of adsorption and desorption are 
equa 1. Solving Equations 39 and 40 for e E we obtain: 
eE = KEPE(es - eE - e0 - eEo - ec - eH) ( 41 ) 
By a similar analysis, 
ea = KoPo(as - aE - a0 - eEo - 8c - ew) (42) 
For the adsorption of the products on active catalytic 
sites, 
aEo = KEoPEo(es - aE - flQ - 8 EO - ac - ew) (43) 
ec = KcPc(as eE ao aEO e C' aw) (44) 
aw= KwPw·(as - eE - ao - aEo - ac - aw) (45) 
Combining Equations 38, 41 , 42, 43, 44 and 45 we obtain: 
(46) 
-/KSP 0 ( ) 
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and 
/KsPo ( ' ( 4 7) 
If it is assumed that the reaction to ethylene oxide 
proceeds via an adsorbed molecular oxygen, then the rate 
expression is obtained from Equation 35a: 
R = k' e o 1 1 E 0 
Substituting Equations 46 and 47 into Equation 48 and 
collecting the constants into one term k = k1 KE K0 Ks, 
I 
(48) 
the final rate expression is obtained in terms of the par-
tial pressures of the reactants and the products and the 
equilibrium adsorption constants of the reactants and the 
products on the catalyst surface: 
If instead of molecular oxygen, atomic oxygen is 
assumed to participate in the surface reaction the 
expression for e0 is: 
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and the rate expression is obtained from Equation 35b. 
The final rate expression then is: 
k p p 3/2 
E 0 
'· 
(50) 
. ( 51 ) 
J 
I 
.i 
i 
1 
I 
• l 
I. 
I 
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Appendix B 
Notation Used 
k = constant in rate equation 
k 1 = constant i n rate equation for the reaction to 
ethylene oxide 
k2 = constant in rate equation for the reaction to carbon 
dioxide and water 
kE, ko = rate constants for adsorption of ethylene and 
oxygen respectively 
k~E, k~o = rate constants for desorption of ethylene and 
oxygen respectively 
ks, k~s = rate constants for dissociative adsorption and 
desorption of oxygen to form active catalytic sites 
Kc, KE, KEO, Ko, Kw= equilibrium adsorption constants of 
carbon dioxide, ethylene, ethylene oxide, oxygen and 
water respectively 
Ks= equilibrium adsorption constant for the dissociative 
adsorption of oxygen to form active catalytic sites 
l = empty active catalytic site 
Pc, PE, PEo, Po, Pw = average partial pressure of carbon 
dioxide, ethylene, ethylene oxide, oxygen and water 
in the reactor, psia 
R1 = rate of formation of ethylene oxide, lb moles ethylene 
reacted to ethylene oxide /hr-gr cat. 
-a 1 .. 
' 
.' -: .. ·: .;, ,_ .... -. -~-
R2 
s 
= 
= 
rate of formation of carbon dioxide and water, 
lb moles ethylene reacted to carbon dioxide and 
water /hr-gr cat. 
selectivity, R1/ R1+R2 
Greek letters 
8£, 8£Q, ea, aw = fraction of catalyst surface covered 
by carbon dioxide, ethylene, ethylene oxide, oxygen, 
and water respectively 
= fraction of catalyst surface covered by atomic oxygen 
Subscripts 
= carbon dioxide 
= ethylene 
= ethylene oxide 
= oxygen 
= water 
= reaction to ethylene oxide 
= reaction to carbon dioxide and water 
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Appendix C 
Rotameter Calibration Curves 
.\· 
", 
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Figure 19: r.alibration curves for Rotarneter I for ethylene 
and nitrogen at 100 psig, glass float 
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Figure 20: Calibration curves for Rotameter I, for 
ethylene and nitrogen at 100 psig, 
stainless-steel float 
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Appendix D 
Typical Temperature Profile in the Catalyst Bed 
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